Lipin-1 functions as a phosphatidate phosphatase in glycerolipid synthesis and as a co-transcriptional regulator. Results: Lipin-1 contains conserved N-terminal motifs, which when mutated decrease phosphatase activity, nuclear localization, and binding to protein phosphatase-1c␥. Conclusion: The lipin-1 N-terminal domain is important in regulating its activities. Significance: Lipin-1 binds to protein phosphatase-1c␥ through its N-terminal domain, and this potentially regulates lipin-1 localization and function.
Lipins comprise a multifunctional, three-membered protein family involved in regulating glycerolipid synthesis, fatty acid metabolism, adipogenesis, and inflammatory signaling (1) (2) (3) (4) . Lipin-1 is the best characterized member of the mammalian family, followed by lipin-2. Lipins are predominantly cytosolic proteins that translocate to their sites of action in the endoplasmic reticulum and nucleus (5) (6) (7) (8) (9) (10) (11) (12) (13) . These changes are dictated by a polybasic nuclear localization motif (6, 9, 14) , which also promotes an electrostatic interaction with negatively charged phosphatidate, fatty acids, and acyl-CoA esters on the membrane surface (9, 14 -17) . Conversely, positively charged amphiphilic compounds, such as chlorpromazine and sphingosine, reverse this translocation (16, 18) . Importantly, increasing the negative charge on the lipins through phosphorylation decreases their interactions with negative charges on the surfaces of membranes to control subcellular distribution and function (5, 6, 10, 19) . This is demonstrated by the cytosolic localization of hyperphosphorylated forms of lipins, whereas hypophosphorylated lipins translocate to the nucleus and endoplasmic reticulum (5, 6, 11, 19) . Additionally, 14-3-3 proteins bind to hyperphosphorylated lipin-1 to promote cytosolic sequestration (6) .
Phosphorylation of lipin-1 is promoted by mTOR (mammalian target of rapamycin) complex 1, downstream of insulin signaling (5, 6, 20) . Lipin-1 is also phosphorylated and inhibited by cyclin-dependent kinases during mitosis (7) . On the other hand, less is known about the phosphatases responsible for dephosphorylating lipin-1. This is partly achieved by CTDNEP1 (C-terminal domain nuclear envelope phosphatase 1; previously known as Dullard phosphatase) and its regulatory partner NEP1-R1 (nuclear envelope phosphatase 1-regulatory subunit 1; previously TMEM188) (10, 21, 22) . Han et al. (10) demonstrated that overexpressing both components of this phosphatase complex in cultured cells increases the dephosphorylation of a proportion of overexpressed lipin-1 proteins as well as increasing the nuclear accumulation of lipin-1. However, this phosphatase complex localizes at the nuclear envelope and perinuclear region. At present, it is unclear whether the majority of cytosolic lipin-1 has to be targeted to the perinuclear region for dephosphorylation by the CTDNEP1⅐NEP1-R1 complex or if lipin-1 can also be dephosphorylated in the cytosol.
Whereas the human genome encodes for over 500 Ser/Thr protein kinases, there are only a small number of Ser/Thr protein phosphatases to counteract the actions of these kinases (23) . Of these phosphatases, protein phosphatase-1 catalytic subunit (PP-1c) 4 is one of the major enzymes involved in the dephosphorylation of cellular proteins. PP-1c does not exist alone as a monomer within cells; instead, it binds to more than 180 identified regulatory subunits, forming hundreds of mutually exclusive holoenzyme complexes that regulate enzyme activity and subcellular localization (24 -26) . These regulatory subunits act as regulators of PP-1c function but can still be substrates for PP-1c-mediated dephosphorylation (23) . The majority of PP-1c regulatory proteins interact with PP-1c via a conserved RVXF binding motif ((K/R)X 0 -1 (V/I/L)X(F/W), where X can be any amino acid except proline) (23) . Mutation of the hydrophobic valine and phenylalanine positions within the RVXF motif abolishes the binding of PP-1c regulatory proteins to PP-1c (27) (28) (29) .
Lipin-1 contains an RVXF-like motif, and we, therefore, hypothesized that lipin-1 should bind to PP-1c, and this could possibly regulate the subcellular localization of lipin-1 through controlling its level of dephosphorylation. This study provides novel evidence that lipin-1 interacts with the catalytic subunit of protein phosphatase-1␥ (PP-1c␥) and that this interaction depends on the well conserved HVRF motif present in the N terminus domain of lipins (NLIP) ( Fig. 1 ). Mutation of the HVRF motif in the non-phosphorylatable lipin-1 mutant also completely prevents lipin-1 nuclear localization, which is surprising because the non-phosphorylatable mutant is well known to localize easily to the nucleus. Even more surprisingly, interaction of PP-1c␥ with lipin-1 is stronger when lipin-1 is in its dephosphorylated state. Our results show that lipin-1 can be dephosphorylated by PP-1c␥ and/or other cellular phosphatases (e.g. CTDNEP1) before consequently interacting with PP-1c␥ through the HVRF motif region. The conserved N-terminal domain of lipin-1 is also important for the actions of lipin-1 as a phosphatidate phosphatase and for its nuclear localization.
EXPERIMENTAL PROCEDURES
Materials-Microcystin-LR was obtained from Enzo Life Sciences (Farmingdale, NY). Microcystin-Sepharose (MC-Sepharose) resin was prepared as described previously (30, 31) . Mouse (635691) and rabbit (ab124462) anti-FLAG antibodies were purchased from Clontech and Abcam Plc (Cambridge, UK), respectively. Mouse (MMS-101P) and rabbit (PRB-101P) anti-HA antibodies were from Covance Inc. (Princeton, NJ).
Mouse anti-pan PP-1c (E9) antibody was from Santa Cruz Biotechnology Inc. (Dallas, TX). Peptides used in this study were prepared by China Peptides Co. (Shanghai, China). Fibronectin was purchased from Sigma-Aldrich.
Expression Vectors of Different Lipin-1 Constructs-Adenoviral constructs expressing HA-tagged lipin-1B (hereafter referred to as lipin-1); plasmids (pRK5) expressing FLAG lipin-1 wild type, catalytically inactive mutant (D712E,D714E), and non-phosphorylatable mutant (21S/T to A, in which 21 serine/threonine residues were mutated to alanine) (11, 14) ; and plasmids expressing the HA lipin-1 N-terminal deletion mutant (residues 321-2775) were described previously (5) . HVRF was mutated to HARA using the QuikChange site-directed mutagenesis kit (Promega, Madison, WI). The following primers were used to introduce the alanine point mutations into the pRK5 lipin-1 plasmid: 5Ј-TCC CCT TTC CAC GCC CGC GCC GGC AAG ATG GGT GTC CTC C-3Ј (forward) and 5Ј-G GAG GAC ACC CAT CTT GCC GGC GCG GGC GTG GAA AGG GGA-3Ј (reverse). The same sets of primers were used to introduce the same alanine point mutations into the pRK5 lipin-1 21S/T to A plasmid.
Other point mutations were also introduced into the nonphosphorylatable mutant. These are as follows: V57A, 5Ј-GC AAG ATG GGT GCC CTC CGC TCC CG-3Ј (forward) and 5Ј-CG GGA GCG GAG GGC ACC CAT CTT GC-3Ј (reverse); V64A, 5Ј-CGC TCC CGA GAG AAA GCG GTG GAC ATA GAA ATC-3Ј (forward) and 5Ј-GAT TTC TAT GTC CAC CGC TTT CTC TCG GGA GCG-3Ј (reverse); I67A,I69A (DAEA mutant), 5Ј-GA GAG AAA GTG GTG GAC GCA GAA GCC AAT GGG GAG TCC GTG G-3Ј (forward) and 5Ј-C CAC GGA CTC CCC ATT GGC TTC TGC GTC CAC CAC TTT CTC TC-3Ј (reverse); F87A, 5Ј-G GGA GAC AAC GGA GAA GCA GCT TTT GTT CAA GAG ACG GAC-3Ј (forward) and 5Ј-GTC CGT CTC TTG AAC AAA AGC TGC TTC TCC GTT GTC TCC C-3Ј (reverse); L58A, 5Ј-GCA AGA TGG GTG TCG CCC GCT CCC GAG AGA-3Ј (forward) and 5Ј-TCT CTC GGG AGC GGG CGA CAC CCA TCT TGC-3Ј (reverse); L80A, 5Ј-GTG GAT TTG CAC ATG AAG GCG GGA GAC AAC GGA GAA GC-3Ј (forward) and 5Ј-GCT TCT CCG TTG TCT CCC GCC TTG ATG TGC AAA TCC AC-3Ј (reverse).
Plasmids containing HA-tagged lipin-1 phosphomimetic mutant (21S/T to E) were generated as follows. 21S/T to E was generated via PCR mutagenesis (QuikChange, Agilent Technologies, Santa Clara, CA) from the triple-HA-tagged lipin 1B cDNA expression vector described previously (5) . The following residues were mutated: Cell Culture and Transfection-HEK 293 cells were cultured in DMEM containing 10% (v/v) FBS and 1% (w/v) penicillin/ streptomycin. Polyjet TM transfection reagent (SignaGen Laboratories, Gaithersburg, MD) was used according to the manufacturer's instructions unless HEK 293 cells were transfected for confocal microscopy studies. In this case, 67% of the normal amount of plasmid was used to lower the transfection efficiency. HEK 293 cells overexpressing recombinant lipin-1 proteins were sonicated in 25 mM HEPES, pH 7.4, containing 250 mM sucrose, 2 mM DTT, protease inhibitor mixture (Sigma-Aldrich), 1 mM MnCl 2 , 30 nM microcystin-LR, and 0.1% (w/v) Tween 20. Expression of lipin-1 mutant proteins was determined by spotting different amounts of the cell lysates (0.1-1 g) onto a nitrocellulose membrane. After drying, the membranes were blocked with Odyssey-PBS (1:1, v/v) for 1 h at room temperature, washed with PBS containing 0.1% (w/v) Tween 20 (PBST), and incubated for 1 h at room temperature with mouse anti-FLAG or mouse anti-HA (diluted 1:2,500 and 1:2,000, respectively) in Odyssey blocking buffer-PBS (1:1, v/v) containing 0.1% (w/v) Tween 20. After washing with PBST, the blot was incubated for 1 h at room temperature with Alexa Fluor 680-conjugated goat anti-mouse IgG (Invitrogen) diluted 1:10,000 in Odyssey blocking buffer-PBS (1:1, v/v) containing 0.1% (w/v) Tween 20 and 0.01% (w/v) SDS. The blot was washed with PBST and once with PBS before scanning using the LI-COR Odyssey imaging system (LI-COR Biosciences, Lincoln, NE).
Expression and Purification of PP-1c␥ and FLAG Lipin-1 Wild Type and HARA Mutant Proteins-Recombinant PP-1c␥ was expressed and purified as described previously (32) . FLAG lipin-1 and mutant were expressed and purified using anti-FLAG affinity resin and FLAG displacement peptide (14) but without pretreating with any phosphatase. The eluted fractions of pooled lipins in 25 mM Tris-HCl, pH 7.4, 138 mM NaCl, and 1 mM MnCl 2 were concentrated using Amicon Ultra 0.5-ml centrifugal filter units (10,000 NMWL) (EMD Millipore, Billerica MA) in a benchtop centrifuge at 15,000 ϫ g for 20 min. Glycerol and DTT were added at final concentrations of 10% (v/v) and 2 mM, respectively. DTT was excluded in the circular dichroism experiments.
Microcystin-Sepharose Binding-Briefly, PP-1c␥ was bound to 25 l of microcystin-Sepharose for 1 h at 4°C (32) . The resin was washed and incubated with HEK 293 cell lysate overexpressing FLAG lipin-1 wild type overnight at 4°C. After washing resin with buffer containing 500 mM NaCl, bound protein was eluted with 2ϫ SDS-PAGE sample buffer (65 mM Tris-HCl, pH 6.8, 26% glycerol (v/v), 2% (w/v) SDS, and 0.1% (w/v) bromphenol blue) and by boiling at 100°C for 5 min. Eluted proteins were analyzed by Western blotting.
Solid Phase Protein-Protein Binding Assays-Purified recombinant PP-1c␥ (3 g, 81 pmol) was incubated in 150 l of phosphate-buffered saline (PBS; 8.1 mM Na 2 HPO 4 , 1.1 mM KH 2 PO 4 , 138 mM NaCl, and 2.7 mM KCl, pH 7.4) containing 2 mM DTT and 0.5 mM MnCl 2 using a 96-well Clear black-coated, tissue culture-treated plate (Greiner Bio-One, Kremsmuenster, Austria). As controls, equivalent molar amounts (81 pmol) of bovine serum albumin (BSA) or potato acid phosphatase (Sigma-Aldrich) were bound to the wells instead of PP-1c␥. Incubations were performed in the presence of microcystin-LR at a 3:1 molar ratio to recombinant PP-1c␥. The plate was swirled at 40 rpm overnight at 4°C. After washing with PBST, the wells were blocked with Odyssey blocking buffer (LI-COR Biosciences) for 1 h at room temperature. Cell lysates overexpressing equal amounts of recombinant lipin-1 or mutants were incubated overnight at 4°C. For the cation dependence experiments, MnCl 2 was excluded, and other cations were added. The wells were then treated with Odyssey blocking buffer for 1 h at room temperature and washed with PBST, followed by overnight incubation with mouse anti-FLAG tag antibody or mouse anti-HA diluted 1:2,500 and 1:2,000, respectively, in Odyssey blocking buffer-PBS (1:1, v/v) containing 0.1% (w/v) Tween 20. After washing with PBST, wells were incubated for 90 min at room temperature while swirling with Alexa Fluor 680-conjugated goat anti-mouse IgG (Invitrogen) diluted 1:10,000 in Odyssey blocking buffer-PBS (1:1, v/v) containing 0.1% (w/v) Tween 20 and 0.01% (w/v) SDS and scanned using the LI-COR Odyssey imaging system.
Confocal Microscopy-Cultured HEK 293 cells were plated onto fibronectin-coated coverslips and transfected for 24 h. Cells were fixed using 4% (w/v) paraformaldehyde in 60 mM PIPES, 27 mM HEPES, 13 mM EGTA, 8.2 mM MgSO 4 , pH 7.0, followed by methanol fixation at Ϫ20°C. After washing with PBS, the cells were permeabilized using 0.3% (w/v) Triton X-100 in PBS and blocked in 1% (v/v) donkey serum in PBS containing 0.1% (w/v) Tween 20. Coverslips were incubated with primary antibodies diluted in blocking buffer (1:100 rabbit FLAG, 1:50 mouse pan-PP-1c, 1:100 rabbit HA) for 1 h at room temperature. Donkey anti-rabbit Alexa Fluor 488 and donkey anti-mouse Alexa Fluor 555 (Invitrogen) were used as the secondary antibodies. Transfected cells incubated with control rabbit IgG and mouse IgG 2b showed almost no background staining. Hoechst 33342 (Sigma-Aldrich) was used to stain nuclei. Coverslips were mounted onto microscope slides using ProLong Antifade mounting medium (Invitrogen), and confocal images were taken with a Leica TCS SP5 laser-scanning microscope. Lipin-1 subcellular localization was classified as described previously (6) (i.e. predominantly nuclear, predominantly cytoplasmic, or both nuclear and cytoplasmic). For quantification, three independent experiments were performed, and at least six representative fields of each lipin-1 protein were taken per experiment.
SDS-PAGE and Western Blots-SDS-PAGE and Western blotting were performed as described previously using 8% gels (33) , and lipin-1 was detected with a C terminus antibody (5) . Alexa Fluor 680-conjugated goat anti-mouse IgG (Invitrogen) and IRDye 800-conjugated goat anti-rabbit IgG (LI-COR Biosciences) were used as the secondary antibodies. Western blots were quantified using the LI-COR Odyssey infrared system.
Assays of Phosphatidate Phosphatase (PAP) Activity-PAP assays were performed essentially as described previously (33) .
Dephosphorylation Assay of 32 P-Labeled Lipin-1 Wild Type and HARA Protein Using PP-1c␥-HEK 293 cells in 15-cm dishes were transfected with FLAG lipin-1 wild type or HARA plasmids for 24 h and then incubated in phosphate-free DMEM (Invitrogen) containing 10% (v/v) FBS that was dialyzed for 6 h to deplete inorganic phosphate. The cells were then incubated in 20 ml of phosphate-free DMEM containing 10% dialyzed FBS, 100 nM insulin (to promote phosphorylation), and 2.5 Ci/ml [ 32 P]orthophosphate (PerkinElmer Life Sciences). 32 P-Labeled recombinant lipin-1 wild type and the HARA mutant were purified from the cell lysates as described above. Purified, recombinant PP-1c␥ was added at a 1:1 protein ratio, and the assay was conducted over 45 min in 25 mM Tris buffer, pH 7.4, containing 138 mM NaCl, 1 mM MnCl 2 , 10% (w/v) glycerol, and 2 mM DTT. At each time point, a sample of the reaction was collected, and the reaction was quenched by boiling in 3ϫ sam-
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ple loading buffer for 5 min. After gel electrophoresis and Western blotting, radioactivity was detected by autoradiography using a Biomax high energy transcreen for enhancement (Eastman Kodak Co.). Radioactivity was quantified by isolating the lipin-1 bands and measuring 32 P with Cytoscint (Fisher) and scintillation counting.
Far-UV Circular Dichroism Studies-The J-720 spectropolarimeter (Jasco Inc., Easton, MD) was used for far-UV circular dichroism (CD) studies on equal amounts of purified FLAGlipin-1 wild type and HARA mutant at 20°C. Results were collected at 0.1 nm resolution with a scan speed of 50 nm/min from 250 to 190 nm.
Statistics-Results are expressed as means Ϯ S.E. Statistical significance (p Ͻ 0.05) was calculated using the two-tailed Student's t test when two groups were analyzed. GraphPad Prism 4 (La Jolla, CA) was used to calculate one-way analysis of variance, followed by the Newman-Keuls post hoc test or the Bonferroni test after two-way analysis of variance.
RESULTS
Lipin-1 Interacts with Protein Phosphatase-1c through Its HVRF Motif-Lipin-1 has two highly conserved domains: the NLIP and C-terminal lipin (CLIP) domains (34) . The CLIP domain contains the PAP catalytic motif (DIDGT) and the transcriptional co-activator motif (LGHIL) (1) (2) (3) . The function of the NLIP domain is less clear, although a point mutation (G84R) in mice produces the same phenotype as lipin-1-deficient fld mice (34) ; this mutation also abrogates PAP activity (5) and blocks lipin-1 nuclear localization (34) . We noticed that lipin-1, -2, and -3 contain a potential PP-1c binding motif (His-Val-Arg-Phe, HVRF) in the NLIP domain, which is also conserved in the yeast lipin, Pah1p (Fig. 1) . The NLIP domains are predicted by Jpred algorithms (35) to have an ␣-helix at the beginning of the N terminus ( Fig. 1 ). This matches the findings by Karanasios et al. (8) , who showed that this ␣-helix facilitates the binding of yeast Pah1p to phosphatidate on nuclear/endoplasmic reticulum membranes. The ␣-helix is followed by a predicted array of ␤ sheets ( Fig. 1 ).
We expressed a series of lipin-1 mutants in HEK 293 cells to investigate how lipin-1 might interact with PP1c. We then quantified the expression of each of the mutants by dot blot analysis (Fig. 2) . The recombinant lipin-1 wild type and mutant proteins were then normalized such that recombinant lipin-1 expression per mg of cell lysate was equal in all samples.
To investigate whether lipin-1 can bind to PP-1c␥, we immobilized purified recombinant PP-1c␥ on microcystin-Sepharose and showed that recombinant lipin-1, which was overexpressed in HEK 293 cell lysates, selectively attached to PP-1c␥ (Fig. 3A) . Second, we bound PP-1c␥ to a 96-well plate in the presence of microcystin-LR and studied the attachment of lipin-1 while using bound albumin or acid phosphatase as controls. There was again a specific binding of lipin-1 to PP-1c␥ (Fig. 3, B and  C) . Lipin-1 binding to PP-1c␥ depended on Mg 2ϩ (K d ϭ 2.56 Ϯ 0.73 mM) ( Fig. 3D ). Mn 2ϩ (K d ϭ 0.80 Ϯ 0.23 mM) could substitute for Mg 2ϩ (Fig. 3E ). Ca 2ϩ was less effective (Fig. 3E) , and Co 2ϩ , Zn 2ϩ , and Na ϩ had no significant effect on binding (results not shown).
Short peptides derived from RVXF sequences can be used to determine the binding specificity of PP-1c to RVXF-containing FIGURE 1. Lipin-1 as a protein phosphatase-1c interaction partner through a potential RVXF-like motif. A, sequence alignment and secondary structure prediction of the N termini of Mus musculus lipins and the Saccharomyces cerevisiae Pah1p. Cylinders and arrows represent the regions of each individual lipin, including the lipin-1 HARA mutant, predicted to possess ␣-helical or ␤-strand secondary structure by Jnet algorithms using the Jpred server, respectively (35) . The HVRF motif hypothesized to mediate protein phosphatase-1c interaction is highlighted in black. Other N-terminal residues targeted for mutation are highlighted in gray. The serine residues highlighted in boxes have been positively identified to be phosphorylated by mass spectrometry and phosphopeptide mapping (5, 42, 43, 45) . APRIL 11, 2014 • VOLUME 289 • NUMBER 15 regulatory proteins (28, 29, 32, 36) . These peptides include the ZAP wild type peptide (derived from the ZAP3 protein, also called YLP motif-containing protein 1) and its non-binding control RARA (RVRW mutated to RARA) ( Fig. 4A ). Preincubation of PP-1c␥ with the wild type ZAP peptide blocked the interaction of lipin-1 to PP-1c␥ in a dose-dependent manner, Fig. 2B (n ϭ 4) . The background integrated intensity from the nonspecific binding of overexpressed lipin-1 to BSA was subtracted from the integrated intensity of lipin-1 wild type-PP-1c␥ binding. D and E, quantification of the effect of increasing the Mg 2ϩ (D) or Mn 2ϩ or Ca 2ϩ (E) concentration on the interaction of lipin-1 and PP-1c␥ (n ϭ 3). Other cations tested, such as Co 2ϩ , Zn 2ϩ , and Na ϩ , did not promote the binding of lipin-1 to PP-1c␥. Background integrated intensity from the nonspecific binding of overexpressed lipin-1 to BSA was subtracted after quantification. Error bars, S.E. whereas the ZAP RARA peptide had no significant effect (Fig. 4 , B and C). We also generated an HVRF-containing peptide that mimicked the binding domain of lipin-1, and this prevented lipin-1 binding to PP-1c␥ to a greater extent than the ZAP peptide (Fig. 4, B and C) . The lipin-1 HARA peptide showed much less effect on the interactions of lipin-1 and PP-1c␥, although some inhibition of lipin-1 interaction was observed (Fig. 4, B  and C) . Moreover, deletion of the NLIP domain that contains the HVRF motif (lipin-1 321-2775 mutant) or mutating the HVRF motif itself to HARA significantly decreased binding to PP-1c␥ (Fig. 5, A and B) .
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Hypothetically, this interaction of PP-1c with lipin-1 might facilitate its dephosphorylation. To test this, the non-phosphorylatable mutant, in which 21 serine/threonine residues were mutated to alanine (21S/T to A) and the phosphomimetic (21S/T to E) mutant of lipin-1 were used in binding assays. Surprisingly, the 21S/T to E lipin-1 mutant bound poorly to PP-1c␥ ( Fig. 5A) , whereas the 21S/T to A mutant had good binding affinity to PP-1c, similar to wild type lipin-1 (B max ϭ 210.9 Ϯ 35.5 versus 137.6 Ϯ 6.0) (Fig. 5, A and B) . It is important to note that the catalytically inactive lipin-1 mutant (D712E,D714E) mutant bound to the same extent as wild type protein (Fig. 5B) . To determine the dependence of the lipin-1 HVRF motif on PP-1c binding, we also mutated other well conserved residues in the NLIP domain of the non-phosphorylatable lipin-1 mutant ( Fig. 1 ) and tested the extent of their interactions with PP-1c␥. Several lipin-1 point mutations (21S/T to A V57A, L58A, and V64A) had no effect on PP-1c binding (Fig.  5C ). However, double point mutations of Ile-67 and Ile-69 to alanines (DAEA mutant) caused a decrease in PP-1c binding similar to the HARA mutation. Two other lipin-1 point mutants (21S/T to A F87A and L80A) showed an intermediate binding phenotype. We also tested whether lipin-2 could bind to PP-1c␥ and found that there was significant interaction although to a lesser extent compared with lipin-1 (Fig. 5D) .
Importantly, the rate of dephosphorylation of lipin-1 by PP-1c␥ is not altered, although binding through HVRF is decreased by mutation to HARA (Fig. 5E ). Furthermore, about 40% of 32 P-labeled residues on both lipin-1 proteins were not readily dephosphorylated by PP-1c␥ ( Fig. 5F) .
Mutation of the HVRF Motif of Lipin-1 to HARA Blocks Nuclear Localization and Phosphatidate Phosphatase Activity-
We also investigated the effects of introducing the HARA mutation into the wild type lipin-1 protein on subcellular localization and function. The lipin-1 HARA mutant was predominantly cytosolic, whereas wild type lipin-1 was present in both cytoplasm and nucleus (Fig. 6, A and B) . Significantly, the catalytic activity of lipin-1 does not dictate nuclear localization because inactivating the catalytic motif (by mutating Asp-712 and Asp-714 to Glu) in lipin-1 did not prevent nuclear localization (Fig. 6, A and B) . Deletion of the NLIP domain containing the HVRF motif (321-2775 mutant) also resulted in nuclear exclusion and cytoplasmic localization (Fig. 6B) . We also determined the effect of expressing the non-phosphorylatable 21S/T to A lipin-1 mutant or the 21S/T to E phosphomimetic mutant in HEK 293 cells (Fig. 6B) , which were predominantly localized to the nucleus and cytosol, respectively, as expected (11) . Significantly, there was no increase in nuclear PP-1c when the 21S/T to A lipin-1 construct was overexpressed (Fig. 7, A and  B) . It is also important to note that no lipin-1 nuclear localization was observed when the HARA mutation was introduced into the non-phosphorylatable 21S/T to A mutant of lipin-1 (Fig. 7, A and B) . Point mutations (F87A, L80A, and DAEA) in the 21S/T to A form of lipin-1, which bound poorly to PP-1c␥ ( Fig. 5C ), also had dramatic decreases in their nucleus localization (Fig. 7B) . The 21S/T to A point mutants (V57A, L58A, and V64A) that showed no loss of binding to PP-1c␥ had subcellular localization profiles similar to those of the 21S/T to A lipin-1 protein (Fig. 7B) . APRIL 11, 2014 • VOLUME 289 • NUMBER 15
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We also determined the effect of mutating the HVRF motif to HARA on lipin-1 catalytic PAP activity. Unexpectedly, PAP activity was completely abrogated (Fig. 8) , although the mutations of valine and phenylalanine to alanine residues are relatively conservative. We also determined the PAP activities of the different lipin-1 point mutants and found that the DAEA double point mutant had minimal PAP activity, similar to the HARA mutation (Fig. 8 ). This also corresponds with the lack of PP-1c binding (Fig. 5C ) and loss of nuclear localization (Fig. 7B) of the HARA and DAEA mutants. Additionally, the F87A and L80A point mutants had intermediate losses of PAP activities (Fig. 8) , which also correlates with the intermediate phenotypes of these two mutants in PP-1c binding ( Fig. 5C ) and nuclear localization (Fig. 7B) .
Loss of catalytic activity can result from gross protein misfolding. Therefore, we affinity-purified wild type lipin-1 and the HARA mutant using the FLAG tag but could find no significant difference in the far-UV circular dichroism spectra ( Fig. 9 ). We conclude that the HARA mutation did not cause gross misfolding. Analysis of the lipin-1 HARA mutant using Jpred did indicate that this mutation causes minor changes in the predicted secondary structure (Fig. 1) , which is compatible with the fairly conservative mutations. The predicted structure of the HARA lipin-1 mutant is still very similar to that for mouse lipin-2, mouse lipin-3, and yeast Pah1p.
DISCUSSION
The subcellular localization of lipins is a key factor in controlling their functions in regulating glycerolipid synthesis, cell signaling, and transcriptional regulation. Our group demonstrated the ability of Mg 2ϩ -dependent PAP activity (now attributed to the lipins) to translocate from the cytosol onto the membranes of the endoplasmic reticulum when stimulated with unsaturated fatty acids due to the increase in negative charge on the membrane surface (15) (16) (17) 37) . This was essentially corroborated after the lipins were discovered to be responsible for PAP activity (4, 5, 9) . Since 2007, several groups have shown that the association of lipins with the endoplasmic reticulum and nucleus is decreased by the introduction of negative charges caused by hyperphosphorylation (5-7, 9, 11, 14) . Some of this work and the present study depend on the use of phosphomimetic mutants. We recognize that although this is a valuable approach, the results need to be interpreted with caution (38) .
PP-1c is a key regulator of protein dephosphorylation (23, 24) . Because PP-1c exhibits little substrate specificity, appropriate targeting of protein dephosphorylation is mediated by interaction with different regulatory subunits, which interact with PP-1c via a conserved RVXF motif as well as by secondary interactions (23-25, 32). We demonstrate that lipin-1 and lipin-2 interacted with PP-1c␥ in a Mg 2ϩ -dependent manner. Mn 2ϩ was equally effective compared with Mg 2ϩ for the binding of lipin-1 to PP-1c␥, whereas Ca 2ϩ was less effective. Lipin-1 and PP-1c both require Mg 2ϩ or Mn 2ϩ for their respective catalytic activities (23, 39, 40) . Moreover, the interaction of lipin-1 with PP-1c␥ is mediated through a conserved HVRF motif on lipins, which closely resembles the canonical RVXF motif present on all PP-1c regulatory proteins. It is important to note that only a small proportion of endogenous lipin-1 would be likely to interact with PP-1c, given that there are hundreds of PP-1c binding partners in the cell. Also, the binding of any PP-1c regulatory protein would preclude other protein interactions using the same RVXF-like motifs.
We had initially hypothesized that PP-1c would bind to phosphorylated forms of lipin-1 and subsequently dephosphorylate the lipin-1 proteins, thereby facilitating their subcellular localization to the nucleus and endoplasmic reticulum. However, the wild type lipin-1 and the HARA mutant were dephosphorylated at the same rate by PP-1c, and phosphorylated lipin-1 (in the form of the phosphomimetic mutant) appeared to bind more poorly to PP-1c. Although such mutants provide important information about the lipin-1 and PP-1c interaction, there are limitations to the interpretation of the results obtained from phosphomimetic mutant proteins (38) . PP-1c is known to efficiently dephosphorylate lipin-1 (e.g. on serine 106) (5), but not all of the 21 phosphorylation sites are necessarily accessible. This conclusion is compatible with the observation that a significant proportion of the phosphorylation sites on lipin-1 remained intact when incubated with only PP-1c. These remaining sites could be the substrates for other phosphatases, including CTDNEP1 (10, 21, 22) . It is also significant that this phosphatase and its regulatory subunit can only partially dephosphorylate lipin-1 (10) . A further explanation is that another PP-1c binding partner would facilitate complete dephosphorylation of lipin-1 by PP-1c because untargeted PP-1c phosphatase activity does not occur physiologically. APRIL 11, 2014 • VOLUME 289 • NUMBER 15
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We also showed that non-phosphorylatable lipin-1 localized to the nucleus and that this localization was impaired when HVRF was mutated to HARA. This result could imply that binding of PP-1c to lipin-1 and lipin-1 dephosphorylation subsequently facilitates entry of lipin-1 into the nucleus. Interestingly, the lipin-1 HARA mutant has a lower electrophoretic mobility on the Western blot than the wild type protein (Fig.  2C ). This could be due to the SUMOylation of lipin-1 wild type, which can localize to the nucleus, whereas the lipin-1 HARA cannot. It could also be a result of increased dephosphorylation of lipin-1 HARA proteins in an effort to promote nuclear localization. However, all forms of the lipin-1 HARA mutant remain cytoplasmic; therefore, regulation of lipin-1 HARA proteins by phosphorylation to contain them in the cytoplasm is not required.
We also established that there are secondary sites of interaction in the lipin-1 NLIP domain that modulate PP-1c binding, which is also seen with other PP-1c binding partners (23, 25, 41) . The closest phosphorylation site that is modified in the lipin-1 21S/T to A mutant is very close to the edge of the NLIP domain (serine 106). Mutation of this site alone did not affect lipin-1 activity or subcellular localization (results not shown). However, it is possible that there are serine/threonine residues on lipin-1 that can modulate PP-1c binding when phosphorylated. For example, there are three serines in the NLIP domain of yeast Pah1p, which are phosphorylated by protein kinase A (serine 10) and Pho85p-Pho80p protein kinase⅐cyclin complex (serines 110 and 114) (42, 43) . Phosphorylation at these sites decreases PAP activity, membrane association, and triacyglycerol synthesis (42, 43) . This is similar to the deleterious effects found with some of the NLIP mutants. Moreover, cyclin-dependent kinase phosphorylation of lipin-1 and -2 during cell mitosis also decreases PAP activity and membrane association (7) . This suggests that phosphorylation of unidentified serine/ threonine residues in lipin-1 by protein kinase A or cyclin-dependent kinases would recapitulate the effects seen in yeast Pah1p on PAP activity and subcellular localization. These could also play a role in lipin-1 interaction with PP-1c.
We could not detect a significant change in the translocation of PP-1c from the cytoplasm to the nucleus even when we overexpressed the lipin-1 21S/T to A mutant. This could be expected if lipin-bound PP-1c only contributes a small proportion of the nuclear PP-1c. However, other nuclear-localized PP-1c regulatory proteins, such as Ikaros, do promote nuclear localization of PP-1c when overexpressed (44) . Perhaps PP-1c could facilitate lipin-1 nuclear entry but is not itself imported into the nucleus with lipin-1. Alternatively, PP-1c could be shuttled into the nucleus with lipin-1 but be readily exported from the nucleus. This could possibly occur through interactions with other nucleus-localized PP-1c binding partners while lipin-1 remains in the nucleus. However, we cannot rule out the possibility that the mutations of conserved amino acids in the NLIP domain prevent nuclear entry independently of the effects on the binding of lipin-1 to PP-1c.
The HVRF motif of lipin-1 is very important for the functions of lipin-1 because its mutation to HARA abolishes not only nuclear localization but also the PAP activity ( Fig. 10) . Also, we could not detect any changes in the PAP activity of lipin-1 wild type in the presence of PP-1c (results not shown). Furthermore, PP-1c interaction is not required for lipin-1 PAP activity because recombinant human lipin-1 purified from Escherichia coli retains its PAP activity, and E. coli do not possess a PP-1c orthologue (40) . Importantly, nuclear exclusion and the loss of PAP activity cannot be explained by gross conformational changes in lipin-1. However, there were small changes in the predicted secondary structure when the HARA mutation was introduced ( Fig. 1) , which suggests that these minor structural changes could be an explanation for the loss of PAP activity. Harris et al. (5) had previously demonstrated that the conserved N terminus is essential for providing catalytic activity because the G84R point mutation in mouse lipin-1 abrogates PAP activity by 75%. This mutant has also been shown to be excluded from the nucleus (34) , which mirrors the point mutants we have generated in this study. Removing the majority of the lipin-1 NLIP domain also eliminates PAP activity (5). . UV-circular dichroism spectra of lipin-1 wild type and HARA mutant. UV-circular dichroism analysis was performed on the recombinant purified FLAG-tagged lipin-1 wild type and the HARA mutant. FIGURE 10. Venn diagram depicting the effect of the different mutations in the lipin-1 N terminus on the interplay between PAP activity, the ability to interact with PP-1c, and nuclear localization. Our results demonstrate that the lipin-1 wild type and non-phosphorylatable 21S/T to A mutant as well as each NLIP mutant that retained the full capacity to bind PP-1c␥ also maintained full PAP activity and nuclear localization. The phosphomimetic 21S/T to E mutant retains PAP activity but binds poorly to PP-1c and is also sequestered in the cytosol by interactions with 14-3-3 proteins (6). On the other hand, lipin-1 point mutants with intermediate phenotypes in PP-1c␥ binding also had intermediate loss of PAP activity and nuclear localization. Finally, the HARA and DAEA double point mutants did not have any activity in all three areas. These results appear to show that loss of PAP activity and decreased PP-1c binding could both contribute to loss of nuclear localization. However, the results with the catalytically inactive lipin-1 mutant (D712E,D714E) demonstrate that changes in PP-1c binding, and not loss of PAP activity, are linked to lipin-1 nuclear localization.
In summary, we have identified several conserved sites in the NLIP domain (HVRF, DIEI) of lipin-1 that are absolutely required for facilitating binding to PP-1c, maintaining PAP activity, and promoting nuclear localization. Two point mutants of conserved residues (L80A and F87A) are also affected in these three parameters, but their phenotypes are intermediate, whereas other conserved residues (e.g. Val-57 and Val-64) in the NLIP domain do not affect any of the phenotypes tested. Conceptually, our results with the lipin-1 NLIP mutations appear to demonstrate a positive correlation between PAP activity, PP-1c␥ binding, and subcellular localization (Fig. 10) . However, the catalytically inactive lipin-1 mutant could still bind to PP-1c and was localized to the nucleus (Fig. 10) . Previous work demonstrated that PAP catalytic activity does not dictate nuclear lipin-1 localization (9, 11) . Therefore, exclusion of the lipin-1 HARA mutant from the nucleus cannot be explained by the loss of catalytic PAP activity.
Overall, we have established a novel physical interaction between lipin-1 and PP-1c. This binding depends on an HVRF motif and several other amino acids that are conserved in the NLIP domain of mammalian lipins and yeast Pah1p. Mutations of these conserved residues also decrease PAP activity and nuclear entry of lipin-1. More extensive studies are required to elucidate how the interaction of lipins with PP-1c controls the subcellular distributions and physiological functions of these two classes of proteins.
